Introduction
Equiatomic cerium compounds CeTX (T = electron-rich transition metal; X = element of the 3 rd , 4 th , or 5 th main group, Mg, Zn, Cd) are one of the outstanding families of intermetallics with more than 130 representatives and a manifold of magnetic and transport properties. Their structure-property relationships have recently been reviewed [1] [2] [3] [4] . The CeTX phases have widely been studied with respect to induce changes in their physical properties. This is effectively possible through the formation of solid solutions (substitution on the transition metal as well as on the p-element sites) or via hydrogenation reactions. Many of such examples are documented in the review articles.
In contrast, only few high-pressure (HP) hightemperature (HT) studies were published. In-situ studies of CeAuGe in a diamond anvil cell showed a phase transition at around 8.7 GPa to a TiNiSi type high-pressure phase [5] . HP-HT treatment of CeAuGe in a Walker module led to the new high-pressure phase Ce 7 Au 13 + x Ge 10 - x , an intergrowth variant of EuAuGe (own type), HP-CeAuGe (TiNiSi type), CeAu 2 Ge 2 (CePt 2 Ge 2 type), and Ce 3 Ag 4 Ge 4 (Gd 3 Cu 4 Sn 4 type) related slabs [6] . The stannides CeTSn (T = Ni, Pd, Pt) show pressure-induced phase transitions from the orthorhombic TiNiSi type to the hexagonal ZrNiAl type along with changes in their magnetic properties [7] [8] [9] .
As an extension to these studies we have now treated the intermediate-valent gallide CeCoGa [10] under highpressure high-temperature conditions. Unexpectedly, we observed a decomposition reaction into different ternary Laves phases which are reported herein.
Experimental

Synthesis
Starting materials for the preparation of the CeCoGa precursor sample were ingots of cerium (Sigma-Aldrich, >99.9%), cobalt powder (Koch chemicals, >99.5%) and gallium lumps (Johnson Matthey, >99.9%). The cobalt powder was cleaned prior to use by heating in dilute muriatic acid (10%) for a short time. Cerium pieces, a cold-pressed pellet of cobalt powder and gallium pieces in the ideal 1:1:1 ratio were subsequently arc-melted [11] in an argon atmosphere of ca. 800 mbar. Argon was purified with titanium sponge (900 K), silica gel and molecular sieves. The sample was re-melted twice to ensure homogeneity. The arc-melted button was then sealed in an evacuated silica tube and annealed for 4 weeks at 770 K. Polycrystalline CeCoGa is dark gray and air stable.
The high-pressure high-temperature treatment of the CeCoGa precursor was performed using a 1000 t multianvil press apparatus and a modified Walker module with an octahedral pressure chamber. Details concerning the construction of the module and the assembly parts can be found in references [12] [13] [14] [15] . A boron nitride crucible of an 18/11-assembly was loaded with carefully milled CeCoGa, compressed within 3.5 h to 9.5 GPa and heated up to 1470 K in the following 15 min. After 10 min at 1470 K, the sample was cooled down to 970 K within 60 min and then quenched to room temperature. The decompression of the press required 10.5 h. Then the sample (dark gray and air stable) was carefully separated from the surrounding assembly parts.
X-ray image plate data and data collections
The CeCoGa precursor sample (with respect to phase purity) and the reaction product (with respect to phase formation) were analyzed by powder X-ray diffraction: Guinier camera (Enraf Nonius, FR 552), image plate system Fuji film, BAS-1800, CuKα 1 radiation and α-quartz (a = 491.30, c = 540.46 pm) as an internal standard. The pattern of the precursor phase matched with the theoretical one [9] . The sample treated under high-pressure hightemperature conditions contained the cubic Laves phases CeCo 2 [a = 719 (1) . The lattice parameters were refined by a least squares routine and correct indexing was facilitated by intensity calculations with LazyPulverix [16] . Several irregularly shaped silvery single crystals were selected from the sample treated under high-pressure high-temperature conditions. The crystal fragments were glued to thin quartz fibers using bees wax and first tested by Laue photographs on a Buerger camera (white molybdenum radiation, image plate technique, Fujifilm, BAS-1800). Intensity data were collected at room temperature by use of an IPDS II diffractometer (graphite monochromatized Mo K α radiation; oscillation mode, room temperature). Numerical absorption corrections were applied to the data sets. Details of the data collections and the structure refinements are listed in Table 1 .
EDX data
The two crystals measured on the diffractometer were analyzed semi-quantitatively using a Zeiss EVO MA10 scanning electron microscope with CeO 2 , Co, and GaP as standards. No impurity elements heavier than sodium (detection limit of the instrument) were observed. The experimentally determined element ratios were in close agreement with the compositions obtained from the structure refinements. The irregular shape of the crystal surface led to variations of ±3 at.%.
Results and discussion
Structure refinements
The Guinier powder pattern already revealed formation of a cubic (MgCu 2 type) and a hexagonal (MgZn 2 type)
Laves phase. Consequently, space groups Fd3 ̅ m and P6 3 /mmc were found to be correct. The starting atomic parameters were deduced with the Superflip algorithm [17] and the two structures were refined with Jana2006 (full-matrix least-squares on F o 2 ) [18] with anisotropic displacement parameters for all atoms. The Co/Ga mixed occupancies of the tetrahedral sites were refined as least squares variables, leading to compositions CeCo 0.58 Ga 1.42 and CeCo 0.72 Ga 1.28 for the investigated crystals. The slightly enhanced standard deviations of these occupancy parameters result from the small difference in scattering power between both elements. The final difference Fourier syntheses were flat. The refined positional parameters, displacement parameters and interatomic distances are listed in Tables 2 and 3 . U eq is defined as one third of the trace of the orthogonalized U ij tensor. Further details of the crystal structure investigations may be obtained from Fachinformationszentrum Karlsruhe, 76344 Eggenstein-Leopoldshafen, Germany (fax: +49-7247-808-666; e-mail: crysdata@fiz-karlsruhe.de, http://www. fiz-karlsruhe.de/request_for_deposited_data.html) on quoting the deposition number CSD-431388 (CeCo 0.58 Ga 1.42 ) and CSD-431387 (CeCo 0.72 Ga 1.28 ).
Crystal chemistry
Similar to the indides EuPdIn and EuPtIn [19] and the stannide EuPdSn [20] , also for intermediate-valent CeCoGa the formation of Laves phases under high-pressure hightemperature conditions is observed. While only hexagonal MgZn 2 type phases EuPd 0.72 In 1.28 , EuPt 0.56 In 1.44 and HP-EuPdSn were observed for the europium compounds, also MgCu 2 type phases were observed during the HP-HT decomposition of CeCoGa. The Guinier powder pattern showed about 15% CeCo 2 and 15% CeCo 0.58 Ga 1.42 (both with MgCu 2 structure) and 70% CeCo 0.72 Ga 1.28 (MgZn 2 type) as the main product. The crystals of both gallides have similar habit. They were selected from the crushed sample by serendipity.
Both data sets gave no hint for superstructure formation. The cobalt and gallium atoms show random occupancy on the tetrahedral networks. In the hexagonal phase we observe different Co/Ga ratios for the 2a and 6h sites. Since cobalt and gallium differ by only four electrons, the refined occupancy parameters show enhanced standard deviations. The unit cells along with the coordination polyhedra are shown in Fig. 1 . The (Co/Ga) 4 tetrahedra share exclusively corners in the cubic phase, while face-and corner-sharing occurs in the hexagonal one. The cerium atoms have coordination numbers 16 in both compounds by 12 Co/Ga and four cerium neighbors in the form of Frank-Kasper polyhedra [21, 22] . The latter can be considered as truncated tetrahedra.
The solely reported crystal chemically closely related Laves phase is MgCu 2 type CeCo 2 [23] , a low-temperature superconductor [24] [25] [26] [27] . In CeCo 2 , one observes the following interatomic distances: 310 pm Ce-Ce, 297 pm Ce-Co, and 253 pm Co-Co. Remarkable features are the short Ce-Ce distances which are well beyond the Hill limit of 340 pm for 4f electron localization [28] . This is compatible with the occurrence of superconductivity. Substitution within the tetrahedral cobalt substructure by gallium leads to a drastic increase of the unit cell parameters and thus of all interatomic distances, i.e. 337 pm Ce-Ce in cubic CeCo 0.58 Ga 1.42 and 328-332 pm Ce-Ce in hexagonal CeCo 0.72 Ga 1.28 . These Ce-Ce distances tend towards the Hill limit; however, in view of the phase mixture it was not reasonable to study the magnetic properties of these ternary phases. A similar increase of bond distances occurs for the tetrahedral network: 275 pm Co/Ga-Co/Ga for CeCo 0.58 Ga 1.42 and 265-277 pm Co/Ga-Co/Ga for CeCo 0.72 Ga 1.28 . Probably, the two ternary Laves phases tend toward trivalent cerium.
The decisive question concerns the relation of the compositions vs. the structure of the respective Laves Cerium and Co/Ga mixed-occupied sites (M; ratios see Table 2 ) are drawn as medium gray and green circles, respectively. Relevant polyhedra are emphasized.
phase. The bonding peculiarities of MgCu 2 and MgZn 2 type Laves phases has been studied in detail by Johnston and Hoffmann [29] . They presented stability plots of the type of Laves phase vs the valence electron count. CeCo 2 and the two ternary Laves phases presented herein show excellent agreement with their proposition.
Finally, it is interesting to note that the structurally closely related stannide CeRuSn [30, 31] , which also exhibits intermediate cerium valence, does not decompose under high-pressure high-temperature conditions. CeRuSn transforms to a modulated version of the wellknown ZrNiAl type [32] .
